Objective: To evaluate a graded treadmill test for retest reliability (RTR) and interrater reliability (IRR) in the evaluation of the physiologic effects of symptom exacerbation from concussion.
INTRODUCTION
Readiness of athletes to return to play (RTP) after concussion is a challenging issue for clinicians. Consensus conferences on concussion in sport 1,2 advise that athletes limit cognitive and physical activity until asymptomatic at rest. Athletes may then RTP if their symptoms do not return during a stepwise program of increasing intensity of physical activity and contact, which includes light aerobic exercise, sportspecific exercise, noncontact training drills, and full-contact practice. It is suggested that athletes progress through 1 stage every 24 hours, but if there is exacerbation of symptoms during any step in the process, then athletes are advised to revert to the previous step. These guidelines provide a RTP model that is relatively consistent but which nevertheless is vague about the level and extent of exercise at each stage, relies heavily on clinical judgment, and has not been tested for reliability.
The Zurich Consensus Conference on Concussion in Sport specifically raised the issue of whether provocative exercise testing is useful in guiding the RTP decision in athletes who are asymptomatic at rest. 2 A provocative exercise test, much like that which cardiologists use to assess the functional condition of patients with heart disease, could potentially supplement or even replace the recommended stepwise approach to RTP. The requirement that the concussed athlete who is asymptomatic at rest exercise to maximum without exacerbation of symptoms before RTP recognizes the physiologic basis of concussion, which is supported by evidence of cerebral and whole-body physiological dysfunction after concussion. 3 Provocative exercise testing provides the opportunity to determine the physiologic parameters of symptom exacerbation such as heart rate (HR) and blood pressure. This would allow the clinician not only to identify the athlete who is not ready to RTP but also to determine the level and extent of recovery of the concussed athlete.
If provocative exercise testing is to be recognized as a procedure for establishing the readiness of concussed athletes to RTP, then it must be demonstrated to be safe and reliable when used with athletes recovering from concussion. In a previous study, we safely used a provocative treadmill exercise test that followed a standard protocol in patients with ongoing symptoms due to post-concussion syndrome (PCS). 4 Submitted for publication March 11, 2010 We have since used provocative exercise testing on many athletes and nonathletes who experienced their concussion recently, who became asymptomatic at rest, and who wanted to know if they were safe for RTP or return to work. We have not encountered issues with safety because exercise testing is always terminated when symptom exacerbation occurs. A provocative exercise test to assess concussion should meet minimum standards for reliability. There are 2 important aspects of reliability. The first is that a standardized approach to assessment should yield much the same results when a patient is assessed more than once. This type of reliability is called retest reliability (RTR). Retest reliability refers to the extent to which a test consistently and reproducibly measures the attributes it was intended to measure on repeated administration. 5 The second important aspect of reliability is interrater reliability (IRR), which evaluates the consistency of results among different raters. 5 Reliability is important for health care assessment procedures because the results of any assessment should be consistent from test to test and among different observers so as to inform clinical decisions rationally. Hence, the purpose of this study was to evaluate a standardized graded treadmill exercise test for RTR and IRR in determining RTP status of concussed athletes and nonathletes.
METHODS

Retest Reliability of the Treadmill Exercise Test
The sample included a consecutive sample of 21 athletes and nonathletes who presented to the University at Buffalo Concussion Clinic with symptoms of concussion. The diagnosis of concussion and of PCS, for those with prolonged symptoms, required 2 elements: fulfill the World Health Organization International Classification of Disease, Tenth Revision criteria 6 of symptoms at rest for $6 weeks but ,52 weeks (by study physician interview) and demonstrate symptom exacerbation during 2 graded treadmill exercise tests. Only subjects at low cardiac risk according to the American College of Sports Medicine were deemed eligible. 7 We used concussion subjects who had prolonged symptoms because our previous study showed that one would not expect spontaneous recovery over the period of test-retest assessment. 4 This meant that a second test was unlikely to be influenced by patient recovery. The 21 concussed subjects (11 men and 10 women) were 29.8 6 14.8 years old (range, 15-54 years) and were on average 33.2 weeks post injury (range, 6-36 weeks). Eleven of the 21 were athletes. Four of 11 athletes and 4 of 10 nonathletes had a history of 1 or more prior concussions. We also tested a group of 10 healthy subjects (4 men and 6 women) with an average age of 26.5 6 8.2 years (range, 18-45 years). To control for the effects of previous physical activity on exercise test performance, all 10 controls were sedentary (defined as ,30 minutes of structured aerobic exercise ,2 days per week) for the previous 6 weeks. One of the 10 was an athlete. None of the healthy control subjects had a history of concussion. The healthy subjects were asked to exercise to exhaustion. The study was approved by the University at Buffalo Health Sciences Institutional Review Board, and all subjects provided written informed consent.
Subjects performed an incremental treadmill exercise test following a standard Balke protocol 8 to the first sign of symptom exacerbation. The treadmill speed was set at 3.3 mph at 0.0% incline. After 1 minute, the grade increased to 2.0% while maintaining the same speed. At the start of the third minute and each minute thereafter, the grade increased by 1.0%, maintaining the speed at 3.3 mph. Blood pressure (BP, sphygmomanometer) was measured every 2 minutes, and HR (Polar 810i T61 HR Monitor; Polar, Inc, Kempele, Finland) and rating of perceived exertion (RPE, Borg scale) were measured every minute. Subjects were asked every minute whether they were experiencing any change in their health condition. The test was terminated at the report of exacerbation of concussion symptoms, and the HR, systolic BP (SBP), and diastolic BP (DBP) were recorded for the threshold of symptom exacerbation. After test termination, subjects were monitored for 60 minutes for safety purposes.
All subjects were retested 2 to 3 weeks after the first test using the exact same procedure. Concussed subjects and normal control subjects were asked to avoid exercise during this period.
Interrater Reliability of the Treadmill Exercise Test
Ten athletic actors were assigned symptoms and characteristics of 10 representative cases of patients assessed in the clinic. Actors were provided with a detailed description of the case they represented, including the symptoms and approximate HR for symptom exacerbation (if appropriate). Six actors (3 women) adopted characteristics of patients observed with symptom exacerbation and 4 actors (2 women) adopted characteristics of patients without symptom exacerbation. Video recordings of the 10 actors were produced for the purpose of creating educational materials for training physicians and athletic trainers to assess RTP using the Balke treadmill protocol. For this reason, it was essential that all actors accurately portray the experience of symptom exacerbation. It was also essential that the most complex cases be represented. For example, experience has taught us that previous symptom(s) reported at rest are rarely the symptom(s) that become exacerbated during the provocative exercise test. Fortunately, the experience of undergoing an exercise test in terms of HR and BP is likely the same whether someone is a patient or an actor. As well, exercise can induce symptoms independent of concussion, 9 and 2 of the actors developed symptoms just from the exercise experience. A further complexity comes from the identification of the precise moment of symptom exacerbation. Some athletes hide their symptoms as long as possible, and one must rely on observation of facial expressions to determine approximate time of symptom exacerbation.
The 10 videos of actors completing the provocative exercise test were viewed by a total of 32 raters blinded to the conditions being portrayed. To reproduce as closely as possible the treadmill test performed on clinic patients, the raters were also provided with the HR and BP results that had been recorded every 2 minutes during the treadmill tests from the original cases. Each treadmill test was stopped for 1 of 2 reasons: (1) because of the development of concussion symptoms, or (2) when actors reached voluntary exhaustion. Raters observed the entire video and rated each actor as with or without symptom exacerbation. For those actors rated with symptom exacerbation, raters recorded the HR at which symptom exacerbation occurred. In some instances, the actors continued the test despite the appearance of exercise-related symptoms, thus mimicking the clinical situation where exercise itself produced symptoms rather than the concussion. The raters were divided into 5 groups based on discipline: team physicians (n = 5), athletic trainers (n = 18), nurses (n = 2), emergency medical services technicians (n = 5), and chiropractors (n = 2). All raters had experience with assessment of concussion with professional and high level amateur athletes; however, none of the raters were specifically trained in the assessment of concussive symptoms using a graded exercise test.
Statistical Analysis
The intraclass correlation coefficient (ICC) informs us as to how likely it is that we would obtain exactly the same value on a second testing. 10 For the treadmill RTR, the ICC (SPSS version 16.0; SPSS, Inc, Chicago, Illinois) was used to determine the extent of agreement of maximal HR, SBP, DBP, and RPE between the 2 tests conducted at the beginning (time 1) and at the end (time 2) of either 2 or 3 weeks. For IRR, the ICC was used to determine the extent of agreement among all the 32 raters and among the 5 rater groups. The presence or absence of symptoms from concussion during the test was used as the primary rating. The symptom onset HR of the actors portraying symptom exacerbation (n = 6) was also evaluated for agreement. A 2-way random effects model analysis of variance was specified with absolute agreement, rather than only consistency selected for the type of ICC, which is referred to as ICC (2, 1). 10 The 95% confidence intervals (CIs) were calculated for each ICC value.
RESULTS
Subjects with concussion symptoms exercised 10 to 20 minutes (average, 15.4 minutes) to the point of symptom exacerbation, whereas control subjects exercised from 12 to 20 minutes (average, 16.4 minutes) to reach voluntary exhaustion. Table 1 presents the means, SD, and ICCs with confidence intervals for the physiologic measures at maximum exercise (ie, symptom exacerbation for concussed subjects and exhaustion for normal controls). Using Cohen's criteria for effect size, 11 the ICCs of 0.79 and 0.64 for maximum HR for concussed subjects and healthy controls, respectively, represent moderate values (in reference to 0.2 for a small, 0.5 for a moderate, and 0.8 for a large value).
Retest Reliability of the Treadmill Exercise Test
For maximum SBP, the concussed subjects showed much more variability, indicated by the ICC value of 0.37, a small value with a relatively wide confidence interval. The mean maximum SBP for the concussed subjects was significantly greater at time 2 versus time 1. The healthy controls showed much greater agreement for maximum SBP, as indicated by both the ICC value and the narrower confidence interval, even with a smaller sample size.
The ICC value of 0.42 for RPE among the concussed subjects is considered a small value, whereas 0.8 for the controls would be considered large. For DBP, the small value of 0.20 for concussed subjects contrasts with the moderate value of 0.52 for healthy controls. 11 Maximum DBP at times 1 and 2 increased for some and decreased for others, confirming our clinical observation that DBP is not reliably associated with symptom exacerbation.
Interrater Reliability of the Treadmill Exercise Test Symptom Exacerbation Versus No Symptom Exacerbation
Overall, the 32 raters made 190 of 192 correct identifications of actors with symptom exacerbation for a sensitivity of 99% and 114 of 128 correct identifications of actors without symptom exacerbation for a specificity of 89%. Twenty of 32 raters were in complete agreement with each of their ratings of the 10 cases (200 ratings), whereas the remaining 12 were in agreement with 104 of 120 ratings. Overall, the agreement of ratings was 304 of 320 for an accuracy of 95%. The positive and negative predictive values were 93% and 98%, respectively. One of the actors portraying an athlete without symptom exacerbation but with exercise-induced headache accounted for 9 of the 16 incorrect ratings. For all 32 raters, the overall ICC was significant at 0.83, a large effect size (95% CI, 0.70-0.94). 11 The value for the mean of the correlations between each pair of raters for all 32 raters (0.83) was similar to the estimate of the ICC value. Table 2 presents the ICC values (with 95% CI) and values for the mean of the correlations of ratings between pairs of raters for the 5 groups. The values for 4 of the 5 groups of raters are considered to be large. The value for the EMS raters is a moderate value. The values for the mean interrater correlations for pairs of ratings are similar to the ICC values. The 95% CIs for the estimates of the ICC reflect relatively small sample sizes of the groups of raters.
Ratings of Symptom Exacerbation Heart Rate
The mean value for ratings of symptom exacerbation HR was different for each actor. The SDs of the estimates for each actor ranged from 3.6 to 7.9 with a mean of 5.3. For the 2 falsenegative ratings, the mean HR rating for that actor was substituted for the missing value.
The ICC for the HR estimates by the 32 raters for the 6 actors with symptom exacerbation was 0.90 (95% CI, 0.78-0.98), a large value. 11 The value for the mean of the correlations between each pair of raters for all 32 raters was 0.93, similar to the estimate of the ICC value. Table 3 presents the ICC values (with 95% CI) and values for the mean of the correlations of ratings between pairs of raters for the 5 groups. The value for the ICC for the 2 nurses is moderate, whereas the values for the other groups are large. 11 The 95% CIs for the estimates of the ICC, especially for the 2 nurses, reflect the relatively small sample sizes of each group. The values for the mean interrater correlations for pairs of ratings are similar to the ICC values. Inspection of the ratings for the nurse group showed a very low HR estimate for 1 of the cases.
DISCUSSION
We used the Balke treadmill protocol to assess symptom exacerbation in persons with concussion and found it to be a safe procedure that increases exercise intensity in a gradual manner. Our data show that this provocative treadmill test has a high degree of IRR (95%) among various groups of raters for distinguishing symptom exacerbation in those not recovered from concussion from those ready to RTP. The raters achieved a sensitivity of 99% for identifying those who portrayed symptom exacerbation and a specificity of 89% for identifying those who did not portray symptom exacerbation. All raters had considerable experience with assessment of sport-related concussion. The treadmill test had good RTR for assessment of maximum HR in concussed subjects and moderate reliability for maximal SBP; however, concussed subjects showed considerably more variability in SBP and in RPE than healthy controls. Diastolic BP is usually stable or declines as exercise intensity and duration increase in nonconcussed subjects. 12 The DBP was not a reliably reproducible measure, especially among concussed subjects, likely because concussed subjects were in a state of sympathetic nervous system activation that is commonly observed after concussion. 3 This could affect arterial compliance, which would be reflected in an abnormal exercise DBP response. The exercise treadmill test used in this study thus has very good interrater and sufficient maximum HR RTR for identifying patients with symptom exacerbation due to concussive effects. What this means for the clinician is that she/he can be confident that the treadmill test is consistent in its ability to measure HR in concussed athletes on repeated administration and that different observers are able to reliably identify the symptom exacerbation threshold in athletes who are not physiologically ready to RTP. The physiologic data may be useful to clinicians if, for example, the HR is observed to be unusually high during a low level of exertion. In this circumstance, the clinician should consider that the athlete's physiology has not yet returned to a pre-injury level, and therefore, the athlete may need more time to recover to physiological homeostasis. Reliability is important because it means the clinician has confidence that the test results reflect the state of the patient and not variability inherent in repeated testing.
The research on reliability of physiological variables during repeated graded treadmill exercise tests is limited. Fielding et al 13 found good RTR for measures of maximum HR, BP, and RPE over 5 repeated tests using the Bruce protocol. Using a modified Balke treadmill protocol, Tonino and Driscoll 14 reported no significant differences in maximum oxygen uptake between 3 repeated exercise tests, although they did not find good reliability for submaximal HR. Fernhall There are no data to our knowledge, however, on the reliability of a symptom exacerbation threshold during these tests. Although symptom reports, skilled clinical interviews, and neuropsychological (NP) testing are essential for the evaluation and monitoring of patients after concussion, the primary component of the RTP decision process is the ability of the athlete to exercise to the level of his/her sport without exacerbation of symptoms. According to the Zurich guidelines, the assessment process should occur over several days, although they allow for same-day RTP for adult athletes under certain circumstances. 2 Use of a standardized and reliable provocative exercise protocol could increase the accuracy of the RTP decision and the confidence of the clinician and athlete with the decision.
We propose that the response to incremental (provocative) exercise testing can help with the RTP decision. Provocative exercise testing should only be performed, however, in patients whose rest symptoms have resolved and for whom a determination is being made as to fitness to return to sport or activity 4 because experimental animal data show that premature voluntary exercise within the first week after concussion impairs cognitive performance, 18 an observation corroborated by some human data. 19 Provocative exercise testing should therefore be administered at the appropriate time after concussion.
This study represents an attempt to standardize the process of provocative testing by determining the reproducibility of a treadmill test that challenges the physiology of patients with concussion. The primary limitation of the study is that there is no established ''gold standard'' for the diagnosis of concussion. We are thus left with a de facto standard that athletes have recovered once they can exercise to maximum levels without developing symptoms. 1, 2 Another possible weakness is the use of actors performing the treadmill test in the assessment of IRR. We originally intended to produce videos of actual cases but found ourselves confronted by technical and ethical limitations, including interactions between the assessors and the patients, which made it obvious that the patient had PCS. We chose to use actors primarily because it allowed us to create the videos during the same period with consistency in terms of data (HR, BP, etc) presentation. Others have successfully used actors to establish IRR of health indicators for most of the same reasons. 20 We nevertheless recognize that actual patients may vary in terms of how symptom exacerbation is experienced and therefore may influence reliability across raters. We were encouraged, however, by the fact that raters made some errors with cases, where symptoms developed as a result of the exercise itself at exercise testing completion. Finally, even though the exercise protocol and measurements (potential sources of random error) were controlled, considerable random error due to biological variation can occur when conducting repeated physiological tests. 21 Although the natural history of PCS is one of gradual resolution over time, we attribute the variability of the HR and BP responses in the concussed subjects to ongoing physiologic dysfunction 3 because our previous research has shown that, absent treatment, the period between the 2 treadmill tests was too short to significantly affect symptom reports or exercise tolerance in this group. 4 The clinical use of a standardized and reliable provocative treadmill exercise test is illustrated by the example of a high school athlete who has sustained his second concussion within the previous year and who presents to your office for clearance to resume contact sport. His symptoms were of greater severity and of longer duration after the most recent concussion. He reports that after 12 days of cognitive and physical rest, he is asymptomatic at rest and he has reached baseline performance on a computerized NP test. His mother confirms that he has not reported any symptoms, and she thinks he is back to normal, but she wants to know if he is ready to play in the next game, which is in 5 days. Using the Balke protocol on your office treadmill, the athlete exercises at progressively increasing exercise intensities to exhaustion without symptom exacerbation. You conclude, and inform the athlete and his mother, that he is physiologically recovered and can safely RTP. Conversely, if the athlete developed signs or symptoms that stopped the test before peak exertion, you have objective information that he is not physiologically ready and will need more recovery time. The most commonly reported symptoms indicating that the concussion is not resolved are worsening headache and/or a sensation that the head feels ''full.'' A comparison of the HR at the point of symptom exacerbation to the athlete's theoretical maximum HR gives you a good indication of how close the athlete is to full recovery. If close to full recovery, the test could be repeated in a few days. The test can be performed in a physician's office, an athletic training or physical therapy facility, hospital clinic, or a health club, provided that staff have been trained in treadmill test administration and that there is medical supervision in proximity.
In conclusion, the Balke exercise treadmill test has very good IRR and sufficient maximum HR RTR for identifying patients with symptom exacerbation due to concussion. Symptom reports alone are nonspecific and highly variable, and NP test performance at rest improves in most patients, even in those with ongoing symptoms. The symptom exacerbation threshold during the exercise test in our opinion adds an important and more objective element to help clinicians make the RTP decision in athletes. The Balke treadmill test is safe (it has also been used to assess aerobic capacity in patients with cardiac 8 and orthopedic 22 limitations), can be performed by physicians and athletic trainers with equipment readily available, and does not require specialist interpretation. It thus may be applied in a variety of clinical settings with good reliability, relative ease, and at reasonable cost.
